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AbstrAct
Aim To assess total retinal blood flow (TRBF) in diabetic retinopathy (DR) using multiplane en face Doppler optical coherence tomography (OCT). Methods A 70 kHz spectral-domain OCT system scanned a 2×2 mm area centred at the optic disc of the eyes with DR and healthy participants. The multiplane en face Doppler OCT algorithm generated a three-dimensional volumetric data set consisting of 195 en face planes. The TRBF was calculated from the maximum flow values of each branching retinal vein at an optimised en face plane. DR severity was graded according to the international clinical classification system. The generalised linear model method was used to compare flow values between DR groups and the control group. results A total of 71 eyes from 71 participants were included. Ten eyes were excluded due to poor image quality. The within-visit repeatability of scans was 4.1% (coefficient of variation). There was no significant difference in the TRBF between the healthy (46.7±10.2 µL/min) and mild/moderate non-proliferative DR (44.9±12.6 µL/min) groups. The TRBF in severe nonproliferative DR (39.1±12.6 µL/min) and proliferative DR (28.9±8.85 µL/min) groups were significantly lower (p=0.04 and p<0.0001, respectively) than that of the healthy group. TRBF was correlated with DR disease severity (p<0.0001, linear trend test). conclusion The novel multiplane en face Doppler OCT method provided reliable measurements of TRBF in DR eyes. This may be a useful tool in understanding the pathophysiology of DR.
IntroductIon
Retinal haemodynamics is an important part of the pathophysiology of diabetic retinopathy (DR). Capillary dropout and retinal perfusion changes are thought to play a role in the development of microvascular lesions of DR, diabetic macular oedema and neovascularisation. 1 2 Multiple techniques such as blue field entoptic phenomenon, 3 laser Doppler velocimetry, [4] [5] [6] laser Doppler flowmetry, 7 fluorescein angiography 8 9 and colour Doppler 10 have been used for retinal blood flow quantification in diabetics. These studies have reported some contradictory results, describing both increased and decreased retinal blood flow in DR. 11 Recently, several groups have demonstrated the potential of Doppler optical coherence tomography (OCT) for assessment of retinal blood flow including in the diabetic eye.
12-14 Accuracy of these techniques depends on an exact calculation of Doppler angle which can introduce significant measurement noise. 15 Integration of the Doppler phase shift in the vessel region on the en face plane eliminates the need to calculate the Doppler angle. [15] [16] [17] [18] [19] However, determining the flow of the central retinal vessels at the optic nerve head with this approach requires high-speed OCT (200 kHz or higher) because the axial velocities in these vessels are very high and their Doppler shift would exceed the phase wrapping limit.
In order to adopt this approach on clinically available spectral-domain OCT systems, we recently developed a 'multiplane' scheme to find suitable branches of the central retinal veins and the optimal en face planes to perform flow integration calculations. These planes are chosen so that the Doppler shifts do not exceed phase wrapping limit. 15 This image-processing algorithm does not require angle determination, complex alignment or deep tissue penetration of the images. In this paper, we present the application of the more reliable multiplane en face Doppler OCT for evaluation of total retinal blood flow (TRBF) in DR. 15 
MAterIAls And Methods study population
Participants with diabetes with DR and age-matched healthy volunteers were recruited from the Casey Eye Institute at Oregon Health & Science University (OHSU). This cross-sectional study adhered to the Declaration of Helsinki in the treatment of human participants and the Institutional Review Board at OHSU approved the protocol. The nature of the study was explained to each participant and an informed consent was obtained.
Healthy volunteers without a history of diabetes were included in the control group. Participants with DR of varying severity were recruited based on clinical diagnosis from the Retina Service. Exclusion criteria for study eyes were presence of another ocular disease, inability to fixate, visual acuity worse than 20/200, significant media opacity and history of major ocular surgery. History of panretinal photocoagulation treatment (PRP) or anti-vascular endothelial growth factor (VEGF) injections were recorded from the electronic health records of the participants.
A masked, certified grader graded the retinopathy severity based on seven-field fundus
Clinical science
Assessing total retinal blood flow in diabetic retinopathy using multiplane en face Doppler optical coherence tomography clinical science photographs and assigned the level of severity. 20 The eyes were divided into four groups: healthy, mild-to-moderate non-proliferative diabetic retinopathy (NPDR), severe NPDR and proliferative diabetic retinopathy (PDR). One eye of each participant was included. If the grading between the two eyes differed, the eye with less severe retinopathy was included. If both eyes were graded in the same severity group, one eye was randomly selected and included. Mean arterial pressure (MAP) was calculated as diastolic pressure plus one-third of the difference between systolic and diastolic pressures. Mean ocular perfusion pressure (MOPP) was calculated as two-thirds of MAP minus intraocular pressure.
doppler oct
A commercial spectral-domain OCT system (RTVue-XR, Optovue, Fremont, California, USA) was used in this study. This instrument performs 70 000 A-scans per second with a light source centred at an 840 nm wavelength. It has a 2.3 mm scan depth with a 5 µm full-width-half-maximum depth resolution in tissue. The A-scan time interval was 14.3 µs and the phase wrapping velocity limit of RTVue-XR is 11.1 m/s.
The TRBF scan pattern consists of five consecutive volumes acquired in approximately 3 seconds. The scan covered a 2×2 mm area centred at the optic disc. Each volume contained 80 B-scans each consisting of 500 A-scans. The scan protocol included three sequentially repeated TRBF scans. A total of 15 volumes were acquired for each eye.
A customised software was used to calculate the Doppler phase shift using the phase-resolved technique and split-spectrum method. The split-spectrum method 22 23 divided the full-spectrum fringe into several different bands. Averaging of the Doppler phase shift in these bands improves the signal-tonoise ratio in the Doppler OCT image.
total retinal blood flow measurement
The software also calculates the TRBF (µL/min) using the multiple plane en face Doppler OCT technique. 15 Based on the three-dimensional volumetric Doppler data, vessel boundaries were detected and vessels were then classified as either vein or artery based on the direction of the Doppler shift. Blood flow was integrated in each vein branch in each en face plane separately. For each vein, an optimised plane that yielded the maximum flow value was selected. The TRBF was then summed from all vein branches (figure 1A-C). A grader-set line divided the flow into superior and inferior hemispheres (figure 1D, dashed line) to assist in keeping track of the vasculature.
Then the flow measurements were corrected for magnification variation due to axial length differences of the eye by applying a correction factor of the axial length squared divided by the square of the standard axial length of 24 mm to the calculated TRBF. To compensate for pulsatility during the cardiac cycle, the blood flow measurements were averaged from all valid volumes from the three scans, each consisting of five volumes over 3 seconds. While it is possible that diastole can be a part of these volumes, the volumes would certainly include systole. Invalid volumes were excluded when motion artefacts interfered with vein identification or flow calculation. An eye was included if at least 8 of the 15 acquired volumes were considered reliable. Following this step, a manual grader validated and corrected the vein decision by referencing corresponding fundus photos. 24 
statistical analysis
TRBF mean and population SD were calculated for the healthy, mild/moderate NPDR, severe NPDR and PDR groups. The generalised linear model (GLM) method 25 was used to examine if a significant difference exists between groups. Trend test with GLM method was used to determine whether there is a linear trend for TRBF across disease severity groups. The non-parametric Mann-Whitney U test was used to compare TRBF in treatment-naïve anti-VEGF and PRP groups. Coefficient of variation (CV) was used to determine within-visit repeatability of all combined groups. Analysis of variance (ANOVA) test was used to assess the statistical difference between controls and diabetic patients in terms of age and the number gradable scans. Correlation between TRBF and age, MOPP, body mass index (BMI), LogMar visual acuity and MAP was measured using Spearman's rank correlation coefficient.
results
Fifty eyes from 50 participants with diabetes and 21 eyes from 21 healthy participants were included. No statistically significant difference was observed between healthy control subjects and patients with diabetes (p=0.86, ANOVA). Ten eyes were excluded by the grader because they did not meet the minimum required 8/15 gradable volumes due to motion artefacts in those volumes interfering with vein identification: four from the PDR group, one from the severe NPDR, one from the mild/moderate NPDR and four from the healthy group. There was no significant difference in the number of gradable (included) volumes between groups (p>0.1, ANOVA). The within-visit repeatability of scans was 4.1% (CV). 
clinical science
The characteristics of participants and eyes from each study group are represented in table 1. Participants with PRP received treatment at an average of 17 months prior to scan (range 1-65 months). Participants with anti-VEGF received monthly injections starting an average of 21 months prior to the scan (range 2-46 months). The average time between the last injection and the scan was 1.4±1.4 months (range 1-6 months). In the healthy group, there was no significant correlation between TRBF and any of the following: age, MOPP, BMI or MAP. There was significant correlation between disease severity and LogMar visual acuity (Spearman's r=0.439, p<0.001).
The TRBF (mean±SD) for each group and the statistical difference between them are shown in table 2. A linear trend test with GLM demonstrates that TRBF was linearly correlated with increasing DR disease severity (p<0.0001). TRBF in healthy eyes was higher than the severe NPDR and PDR group. Furthermore, mild/moderate NPDR and severe NPDR had higher TRBF than PDR (figure 2).
The effect of anti-VEGF treatment on TRBF in DR eyes was examined. There were 28 treatment-naïve eyes (15 with mild/ moderate NPDR, 6 with severe NPDR and 7 with PDR) and 16 anti-VEGF-treated eyes (two with mild/moderate NPDR, eight with severe NPDR and six with PDR) without history of 
dIscussIon
In this paper, we demonstrated that multiplane en face Doppler OCT using a commercially available spectral-domain OCT system can provide repeatable TRBF measurements in healthy eyes and eyes with DR. The within-visit repeatability from this study (4.1% CV) was better than previous reports on TRBF measurement of DR using Doppler OCT (10.2%, 26 7.5%-9.2%). 27 28 The observed TRBF values were in the same range as the previously reported values from Doppler OCT and laser Doppler studies measuring total retinal blood flow. 14 15 29-33 We did not find a relationship between age and TRBF.
In diabetic eyes, there was a trend towards decreasing TRBF with increasing severity of the disease. There was, however, little difference in TRBF between control and the mild-to-moderate NPDR group. This could be explained by the fact that multiple factors influence the TRBF in DR. Capillary occlusion in DR is expected to increase resistance. Therefore, given the same perfusion pressure, the flow is expected to be decreased. However, a proposed mechanism of DR is an increased perfusion due to hypoxia and disordered autoregulation leading to relative hyperperfusion. [34] [35] [36] [37] Previous studies of retinal blood flow in DR have supported both of these factors in pathophysiology. In the mildto-moderate NPDR, it is possible that these opposing influences on TRBF cancel each other out, resulting in values similar to healthy eyes. This is in contrast to a report by Tayyari et al that TRBF of mild-to-moderate NPDR was significantly lower than control eyes using a different approach with Doppler OCT. 38 This may be due to the fact that both studies have relatively few subjects and mild-to-moderate NPDR could represent a relatively wide range of disease, including ETDRS levels 20, 35 and 43. Other studies using laser Doppler, however, also found no significant decrease in flow in the early stages of DR, agreeing with our results. 9 39 With more severe DR, this study showed that TRBF was significantly reduced compared with control or early NPDR, consistent with previous reports of TRBF in PDR using Doppler OCT. 14 31 However, laser Doppler studies have reported both decreased and increased retinal blood flow in PDR. 4 6 7 10 Again, this may be due to differences in the specific patient characteristics in the severe retinopathy group between studies. In our study, the majority of patients in the PDR group had received PRP. Previous studies have shown that eyes with PRP have lower retinal blood flow compared with untreated patients with PDR. 40 41 However, in the current study, TRBF of eyes with PRP and untreated eyes were statistically equivalent within the more severe cohort of patients. This might be partially explained by the relatively small number of cases in each subgroup, as well as the cross-sectional design of this study. Moreover, the clinical response to PRP was found to be affected with different confounding factors, including the degree of glycaemic control, 42 which was not assessed in the current study. Lee et al 27 reported no significant difference in TRBF following PRP in a cohort of poorly controlled patients with PDR. Accordingly, the current study cannot provide conclusive results regarding the effect of PRP on retinal blood flow in patients with DR.
Anti-VEGF treatments for diabetic macular oedema have also been associated with decreased blood flow measured by laser Doppler. 43 In our study, the TRBF of eyes that received anti-VEGF treatments compared with treatment naïve eyes were not significantly different. This, however, is a cross-sectional observation with relatively few eyes in each severity level. Furthermore, anti-VEGF treatments may influence the level of retinopathy observed, 44 further confounding the analysis. For these reasons, it is difficult to draw conclusions about the effect of anti-VEGF injections on TRBF based on this study.
The diabetic groups were mixed of treated (anti-VEGF and PRP) and treatment-naïve patients, particularly the severe NPDR and PDR, for whom significant decrease of TRBF was observed. There is a possibility that the reduction in TRBF is caused by the treatment rather than the disease. However, in our study, no significant difference in TRBF was found between PRP and anti-VEGF groups and the treatment-naïve eyes in patients with DR. Thus, we believe the decreased TRBF is more likely to be caused by the disease itself, not the treatment.
These conflicting results reflect the complex relationship between TRBF, pathophysiology of DR and the effects of common treatments in DR. They also reflect the reality that DR is not a linear disease with degree of capillary damage resulting in a predictable clinical manifestation. In addition to non-perfusion, other factors such as haemodynamics of larger vessels, as well as genetic and cellular factors can influence disease progression, clinical manifestation and blood flow measurements. It is therefore unlikely that TRBF measurements solely could identify the full spectrum of retinopathy severity with reasonable sensitivity and specificity.
This study was limited by small number of participants and a cross-sectional design. Another potential limitation of the study is that we did not measure plasma glucose levels. Experimental models have shown that bolus hyperglycaemia can increase retinal blood flow. 45 Although it is unclear if variations in glucose levels in patients with diabetes would have a similar effect, the glucose level may represent yet another confounder in the analysis of TRBF.
It is clear that retinal haemodynamics play an important pathogenic role in DR and studies to date may be inconclusive due to conflicting and non-repeatable results. A reliable method of measuring TRBF, such as one reported here, applied to a larger number of DR subjects and a strict control on potential confounding factors such as history of anti-VEGF treatment and PRP could help settle long-running controversies about the relationship between DR and alterations in TRBF. Paired with other biomarkers, such as total retinal non-perfusion area, TRBF could help elucidate the respective role of non-perfusion and disordered autoregulation in the development of DR. A longitudinal design of study could further clarify the role of retinal haemodynamics in DR. 
